This work presents an in-depth analysis of the alternating current (AC) conductivity of polyaniline-polystyrene (PANI-PS) blends doped with camphor sulfonic acid (CSA) and prepared using an in situ dispersion polymerization technique. We prepared the blends using fixed ratios of PS to PANI while varying the concentration of the CSA dopant. The AC conductivity of the blends was investigated using broadband dielectric spectroscopy. Increasing CSA resulted in a decrease in the AC conductivity of the blends. This behaviour was explained in terms of the availability of a lone pair of electrons of the NH groups in the polyaniline, which are typically attacked by the electron-withdrawing sulfonic acid groups of CSA. The conductivity is discussed in terms of changes in the dielectric permittivity storage ( ), loss ( ), and modulus ( ) of the blends over a wide range of temperatures. This is linked to the glass transition temperature of the PANI. Dielectric spectra at low frequencies indicated the presence of pronounced MaxwellWagner-Sillars (MWS) interfacial polarization, especially in samples with a low concentration of CSA. Electrical conduction activation energies for the blends were also calculated using the temperature dependence of the direct current (DC) conductivity at a low frequency ( dc ), which exhibit an Arrhenius behaviour with respect to temperature. Scanning electron microscopy revealed a fibrous morphology for the pure PANI, while the blends showed agglomeration with increasing CSA concentrations.
Introduction
In the last few decades, intensive research has focused on intrinsic electrically conductive polymers (ICP) because of their possible applications in light-emitting diodes, batteries, electromagnetic shielding, antistatic coating, and gas sensors [1] [2] [3] [4] [5] . Lack of processability in the doped state hinders the ability of ICPs to be blended with industrial polymers. Because of a synergic combination of mechanical properties of conventional insulating polymers with electrical properties of the conducting polymers, blending is of great technological importance. In terms of the percolation threshold of the conductive materials in any blend, polymeric materials have better properties than the inorganic conductive phase like carbon black or metal particles.
In the conducting polymers family, polyaniline (PANI) has excellent tunable electrical conductivity desired for electrical and electronic industries. Upon protonation by Lewis acid, these polymers can be switched to a wide conductivity range [6] . Since the last two decades, a lot of researches have been carried out to improve the PANI processability by maintaining the electrical properties. Different methods of composite preparation, such as blending, doping with acids, and copolymerization, have been adopted to obtain processable PANI, and these efforts have resulted in many research publications [7] [8] [9] [10] . PANI in a modified, processable form has wide applications in the electrical and electronics industries [11, 12] .
Various methods currently exist to make PANI processable. These include doping with organic acids, such as dodecyl benzene sulfonic acid (DBSA) [13] or camphor sulfonic acid (CSA) [14] . These sulfonated acids have long tails that enable the PANI to dissolve in nonpolar or weakly polar common organic solvents, which can cosolubilize most commercial polymers. This method has been utilized to prepare a number of PANI blends in which both PANI 2 International Journal of Polymer Science complexes and preferred polymers are soluble in the same solvent. PANI has poor mechanical properties and it is generally procured in powder form. Of various processes used, blending of PANI with other polymers (thermoplastic or thermosetting) is one of the most commonly used techniques to enhance its mechanical strength. Using this method, the synergic combination of improved electrical properties from PANI and enhanced mechanical properties from conventional polymers can be amalgamated to produce a material with more potential applications in the electronics industry [15] . Blending of PANI with different types of conventional polymers, such as polyacrylonitrile [16] , polyvinyl alcohol (PVA), and polystyrene (PS) [17, 18] , have been investigated. PS has some useful features, such as good thermal stability, a degradation temperature above 400 ∘ C, good chemical resistance, and significant mechanical toughness.
Dielectric spectroscopy, also known as impedance spectroscopy (IS), is a powerful tool to study the effects of interactions between electromagnetic radiation and the chemical or physical properties of the materials [19, 20] . All matter consists of molecules and atoms with electric charges that respond whenever an electric field is applied to them. These responses are in the form of translational or rotational motion and they give rise to macroscopic electrical or dielectric behaviours in the material. Information regarding dielectric behaviours is useful for a variety of fields, such as electrical engineering, physical chemistry, electronic physics, and material science. Thus, using impedance spectroscopy, we can efficiently study polymer chain motion and different dispersion modes of fillers inside a polymer blend, which are related to the chemical composition, molecular structure, and phase morphology.
In order to investigate the electrical transport properties of any complex system, impedance spectroscopy (IS) is one of the most convenient tools used in solid state electronic system [21, 22] . In our previous works, we studied effect of sulfonic acid dopants on the CSA-doped PANI-PS blends for the gas sensor application [6] . This study concluded that the gas sensitivity and reversibility of the blends have a strong correlation with their conductivity. However, not many details on the electrical transport properties were done in our previous work. Therefore, herein and as a continuation to our prior study, we use broadband dielectric spectroscopy to present a detailed, in-depth investigation of the electrical transport behaviour of CSA-doped into PANI-PS blends and how this correlates with CSA concentrations.
Experimental
2.1. Experimental Section. The polymers and chemicals used for experiments were acquired from Merck and Sigma chemical companies and these were of very high purity (99.9%). Further purification of aniline was performed by repeated distillation in a vacuum following preservation at a low temperature prior to use. The oxidant (ammonium persulphate), toluene, and acid (CSA) were used as obtained. During the synthesis, all solutions were prepared using double-distilled water.
PANI was obtained using dispersion polymerization with conventional techniques described previously [23, 24] . A solution of aniline and CSA in aqueous medium was prepared by stirring them for 1 hour. Following a polymerization step, ammonium persulphate was added dropwise with constant stirring. The whole system was maintained at a temperature of 0-5 ∘ C. Upon completion of the oxidant addition process, the reaction was constantly stirred for an additional 24 hours. The reaction turned into a bluish-green homogeneous mixture, indicating the completion of the polymerization reaction. The resulting precipitate was then filtered and washed with deionized water and methanol until the filtrate became colourless to remove any oligomer or unreacted oxidant. PANI powder was then dried under reduced pressure at 40 ∘ C for 24 hours. The PANI-PS blend was prepared by following the above process except for replacing water and using predissolved PS in toluene by stirring for 1 hour instead. Four different concentrations of dopants (0.2 M, 0.3 M, 0.4 M, and 0.5 M) were used for the blend preparation. Finally, the blend solution was used to cast films on glass slides and interdigitate finger electrode thick film (gold, 15 mm × 15 mm) on an alumina substrate (250 m online/spaces).
Characterization Techniques.
Dielectric measurements were performed using a Novocontrol GmbH Concept 40 broadband dielectric spectrometer, and the data were collected over the frequency range 0.1 Hz-3 MHz at fixed temperatures in the range of −70 to 180 ∘ C. Samples were prepared and dried directly on 40 mm diameter stainless steel electrodes, and another 20 mm diameter stainless steel electrode was used as a top electrode during testing. The AC conductivity was calculated with the Novocontrol Win DETA software by using the measured values of dielectric permittivity and the dielectric loss factor.
The morphologies of the synthesized CSA-doped into PANI-PS blends were observed with scanning electron microscopy (SEM) using a nano-SEM Nova 450. In order to detect the glass transition temperatures of the composites, differential scanning calorimetry (DSC) tests were performed using a Perkin Elmer DSC 8500.
Results and Discussion

Dielectric Spectroscopy Measurements.
Broadband dielectric spectroscopy is a powerful tool to interrogate polymeric material characteristics because both the conductivity and chain motion can be monitored in the same spectra. However, in the case of samples containing conducting polymers, such as PANI, the dielectric loss ( ) and storage ( ) spectra are dominated by electrode polarization and conductivity effects [25] [26] [27] [28] . In this case, conductivity overwhelms the relaxation peaks related to the glass transition and other secondary motions, which makes their analysis difficult. The conductivity engulfing pattern is clearly indicated by the high values of and at different temperatures (Figures 1(a)-1(b) ). Consequently, researchers suggested using complex electric modulus * ( ) and conductivity * ( ) functions to
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where
The conductivity relaxation peak shifts to lower frequencies as the temperature decreases, indicating slower charge motion (Figure 1(c)) . Additionally, the intensity of the relaxation peak increases with cooling and reaches a constant value once the glass transition of PANI (around 40 ∘ C) [30, 31] is reached. No other relaxation modes are evident in the spectra of this sample (PANI-PS-0.2 CSA). The AC conductivity ( ) of the PANI-PS-0.2 CSA sample is shown (Figure 1(d) ). AC conductivity exhibits a typical behaviour for polymers and disordered solids. It has frequency independence at low frequencies and then upsurges monotonically with the -the power of frequency, where ranges from 0.7 to 1.0 [32] . Conductivity plateaus at a low frequency corresponding to the DC conductivity, and the 4 International Journal of Polymer Science frequency at which it becomes frequency-dependent is called the relaxation frequency, . DC conductivity increases and the plateau widens to include the entire frequency range at higher temperatures.
In order to study the contribution of the CSA dopant to the electron transport performance of the samples, comparative 3D isochronal diagrams ( versus temperature and frequency, ) for the all-PANI-PS blends and pure PANI films were developed (Figure 2) . Two relaxations were noted: namely, the conductivity and the PANI or PS -related peaks. The pure PANI and 0.2 M CSA-doped samples exhibited strong conductivity relaxation and some features around 50 ∘ C, which could be related to the longrange motions of the PANI and PS chains. In these two samples, high conduction resulting from multiple electron hopping events completely overwhelmed the polarizability attained from the dipolar chain motion. However, in the 0.3-0.5 M CSA-doped samples, electron hopping events were comparatively low, and the conduction relaxation peaks were weaker compared to those arising from the dipolar chain motions. This change in behaviour associated with increased concentrations of CSA dopant in the blends was further illustrated by the dielectric permittivity loss ( ) versus spectra at 20 ∘ C. Very high values at low were observed for pure PANI, and a rapid drop as the CSA content increased in the blend was evident (Figure 3) . High values of at a low corresponded to the DC electrical conductivity, dc , which resulted from free charge polarization within the material [33] . This charge polarization completely overwhelmed the PANI polymer chain relaxation, which was evident for the samples containing 0.3 M, 0.4 M, and 0.5 M CSA.
AC conductivity behaviour at 20 ∘ C for all samples was examined ( Figure 4) . The DC conductivity increased, and the plateau widened to include most of the measured frequency ranges for only pure PANI and the 0.2 M CSA-doped samples. For CSA concentrations above 0.2 M, the conductivity did not show any plateaus and its gradual increase with increasing frequency was mainly due to the motion of the PANI and PS chain dipoles (relaxation region) [34] . The temperature dependence of DC conductivity indicated that the observed metallic DC conductivity was due to only a small fraction of delocalized carriers, which are primarily present in metallic islands. Furthermore, this is the achievable conductivity for such systems when the entire charge carrier density participates are very high [6] . It has also been shown that the relaxation of the charge carrier system is attributed to the charge hopping of mobile carriers, which can lead to both short-range ac and long-range dc . Saravanan et al. reported the attachment of sulfonic acid group to the lone pair of electrons on the NH groups in the polyaniline chain without altering the aromatic ring ( Figure 5 ) [19] . Therefore, increasing PANI loading should increase AC conductivity, which was reported by Belaabed et al. for the PANI/epoxy composites. This is because of two reasons. First, increasing the PANI content will lead to an increased charge carrier concentration, making it easier for better interparticle contact and, thus, the formation of a conducting network. Second, differences in the dielectric constant and conductivity of PANI and the surrounding epoxy matrix [34, 35] . PANI dipole density, mobility of the dipoles, and the mobility of the surrounding matrix polymer chains are some of the important parameters required for the MWS polarization phenomena to occur. In our system, however, the amount of PANI is fixed for all samples, and the CSA content is the only variable among the composite samples. Therefore, the availability of the NH groups' electrons is the only parameter that governs the conductivity behaviour exhibited in Figure 4 . The temperature dependence of the dc DC conductivity ( dc ) is presented ( Figure 6 ). Plateau values of the AC conductivity at low frequency ( Figure 4 ) were used to obtain the dc values, which accounted for the long-range hopping of the charge carriers of the NH groups [36, 37] . Charge carriers typically accomplish more simple hops before the applied electric field reverses at low frequency, resulting in the DC conduction effect. These hops are also facilitated above the matrix because of the increased segmental mobility of the polymer chains, which causes the charge carriers to become more mobile [33] . The observed temperature dependence of dc ( Figure 6 ) exhibited Arrhenius behaviour according to the equation:
where is the per-exponent factor, is the Boltzmann constant, and is the activation energy for the conduction process. Conduction activation energy values were calculated from the slopes of the linear correlations ( Figure 6 , Table 1 ). The conduction activation energy is the minimum energy required to overcome the potential barrier in polymeric systems. As expected, pure PANI had the lowest activation energy, and the values increased with increasing concentrations of CSA in the blends, confirming the attachment of sulfonic acid groups to the electrons of the NH groups, which was noted above. This low energy barrier for pure PANI and the 0.2 M CSA-doped samples reflected metallic or narrow band-gap semiconducting behaviour and it was close to the values previously reported for other conductive polymer composites [37] . Only these two samples showed DC conduction, which was indicated by the plateau in the versus the plots over a wide range of temperatures starting at −70 ∘ C. However, samples with higher CSA doping started to show this type of conduction only at 50 ∘ C, which is greater than the of polyaniline [30, 31] . 
SEM Analysis.
SEM was performed on the pure PANI and four CSA-doped PANI-PS blends ( Figure 7) . The pure PANI sample displayed a fibrous morphology of nanodimension, whereas the blends showed some agglomeration that increased with higher dopant concentrations. A chemical blending method was used for sample preparation of PANI and PS for the miscible and phased materials.
DSC Analysis.
A DSC analysis was used to examine the changes in glass transition temperatures of the blends as the CSA concentrations varied. Because not many significant changes were seen for all the steps except the second heating of the DSC thermogram, only the second heating curves are shown ( Figure 8 ). No was observed for pure HCl-doped PANI as expected from the literature [30, 31] . Nevertheless, in all the CSA-doped PANI-PS blends, we observed at about 90 ∘ C, which was also observed in the dielectric results above. There was not much difference in with regard to the concentration of the dopant in the blends.
Conclusion
Broadband dielectric spectroscopy was used to examine the AC conductivity of PANI-PS blends containing different concentrations of the CSA dopant. The electrical conduction response of the samples strongly correlated with the CSA concentration in the blend. Samples containing only pure PANI or a small concentration of CSA showed very high values for dielectric loss ( ) and storage ( ), which suggested the existence of electrode polarization and Maxwell-Wagner-Sillars interfacial polarization effects, especially at low frequencies and higher temperatures. These samples clearly display strong conductivity relaxation, which overwhelmed the dipolar relaxation associated with the long-range glass transitionrelated motions of the PANI and PS chains. However, as the CSA concentration increased, the conduction relaxation International Journal of Polymer Science peaks became weaker and could be easily distinguished from the dipolar chain motion peaks. This is thought to be due to the unavailability of the electron pairs of the NH groups, which become progressively attached to the increased population of the electron-withdrawing sulfonic acid groups at higher CSA concentrations. All samples displayed a strong Arrhenius behaviour for the log dc versus temperature plots with different values of activation energies, and this correlates well with the concentration of the CSA in the blends.
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